1. Introduction {#sec1}
===============

Continuous fluctuation of fossil fuel prices beside its depletion forced researchers to look for new energy resources. These trials to get clean energy can limit the emission of carbon dioxide which causes severe pollution. Solar and wind energy as sources for renewable energy sources go up and down with time and season of the year. As a result, the research focuses on the storage energy devices through energy conversion systems \[[@bib1], [@bib2]\]. Lithium-ion battery (LIB) is one of the most convenient energy storage system. LIB has high energy density and long service life for using in portable electronic devices e.g. cell phones, digital cameras and laptops. These kinds of batteries are using also in electric vehicles (EVs) and hybrid electric vehicles (HEVs). Such large applications need efficient cathode active materials with outstanding properties \[[@bib3], [@bib4]\]. One of these cathode materials is spinel lithium manganese oxide LiMn~2~O~4~(LMO) which is capable of replacing LiCoO~2~. Spinel LiMn~2~O~4~on the contrary to LiCoO~2~ is less expensive, more abundant and nontoxic. This material has also high energy density and thermal stability \[[@bib5], [@bib6], [@bib7]\].

Last decade, LiMn~2~O~4~was prepared by different solid-state methods [@bib8]. Although this method is one of the most scalable methods, it has many drawbacks. This method yields less homogenous large particle size materials as it requires that the mixed starting powders should be very well contacted [@bib9]. Also solid state method requires high temperature to give the Li and Mn ions to form the spinel LiMn~2~O~4~ because some chemical bonds are broken and others are formed [@bib10]. So spinel LiMn~2~O~4~ synthesized by this approach with good crystallinity can be obtained at 900 °C in air. However, some impurities such as Mn~3~O~4~ and Mn~2~O~3~ were also found in the final LiMn~2~O~4~ prepared by solid state reaction at 900 °C. These impurities affect negatively on its electrochemical properties in terms of the capacity fading at high temperature and/or at high current rate \[[@bib11], [@bib12]\]. To alleviate these drawbacks, soft wet chemical techniques have been used e.g. sol-gel method [@bib13], combustion process [@bib14], chemical precipitation [@bib15] and hydrothermal method [@bib16]. Navulla et al. [@bib17] prepared a lithium-manganese cathode material by simple one-step solid-state reactions. Patey et al. [@bib18] produced LMO nano particles by a one-step flame spray pyrolysis process. Bruce and co-workers [@bib19] synthesized a stoichiometric LMO nanostructured cathode by a one-pot method. In this study we synthesize this material by facile one step synthesis method. To increase the charge -- discharge rate and decrease the time of charging, synthesis of nanosized electrode materials by facile and efficient synthetic methods has taken special interest. It is a big challenge to synthesize good crystalline spinel LiMn~2~O~4~ by complete one step method. The challenge is how to avoid the thermodynamic limitations that responsible for the conversion of Mn (IV) to Mn (III). Another challenge is how to alleviate the kinetic restrictions related to the inhomogeneous dispersion of reagents that leads to incomplete reaction. Impurities such as Mn~2~O~3~ and Mn~3~O~4~ cannot react with Li source to reconvert into LiMn~2~O~4~ because of insufficient thermal energy as the synthesis route adapts direct cooling step after calcination [@bib20].

In this study, high performance spinel LiMn~2~O~4~ with good crystalline structure, rate performance and cycle stability was synthesized in a simple synthesis route (one step method). This method is facile, does not require expensive and sophisticated laboratory equipment and extraordinary experimental circumstances, therefore it is fairly financially savvy, as well as time consuming and easily scalable for mass production. The effect of the different calcination temperatures on the chemical and electrochemical properties of the spinel LiMn~2~O~4~ was investigated and discussed in details. Besides LMO materials, pure other manganese oxides such as. Mn~2~O~3~ and Mn~3~O~4~ were obtained also from this method. Other subsidiaries materials were obtained also as we will discuss in details.

2. Experimental {#sec2}
===============

2.1. Synthesis of the samples {#sec2.1}
-----------------------------

Spinel LiMn~2~O~4~ was prepared by one pot, one step, facile and cost effective method using evaporation technique. Stoichiometric amounts of lithium acetate (Analytical Rasayan.S.d.FINE-CHEM LTd) and manganese acetate (Sigma Aldrich) with molar ratio Li:Mn = 1:2 were dissolved and stirred in de-ionized water to form an aqueous solution and then immersed in cold water bath. Oxalic acid (Merck) as precipitating agent (molar ratio of oxalic acid: metal cations is 1:1) was added drop wisely to the above cold solution to precipitate mixture of manganese and lithium oxalate together. The entire solution was stirred at 80 °C to evaporate the water. After obtaining a viscous precipitation it was poured in a large petri dish to enhance the rate of evaporation in a wide area. We collected the precipitation and dried it at ca 80 °C overnight. The obtained dried and grounded powder was calcined in air at 450 °C and 750 °C for 5 h for each temperature and finally at 900 °C for 10 h with intermittent grinding. The final calcined samples were abbreviated as E450, E750 and E900.

The same procedure has been used as above mentioned with the same amounts of reagents. Instead of evaporating the solution directly, the precipitated precursor was filtrated in this case. The precipitate was collected and dried overnight then calcined under the same procedure at various temperatures 450 °C, 750 °C for 5 h for each temperature and finally at 900 °C for 10 h with intermittent grinding. The collected samples were named as F450, F750 and F900, respectively. The filtrate which was expected to be a salt of lithium was evaporated until dryness and labeled as LiR (dried at room temperature) and part of it was calcined at 450 °C for 5 h and labeled as Li450.

The main purpose of the second technique (filtration technique) is to confirm that the soluble lithium oxalate was penetrate through filtration process at room temperature as filtrate. After dryness, this filtrate has white color at room temperature and labeled as LiR ([Fig. 1](#fig1){ref-type="fig"}a) and it was mainly lithium hydrogen oxalate hydrate. After the calcination at 450 °C it converts to lithium carbonate and labeled as Li450 ([Fig. 1](#fig1){ref-type="fig"}b). The above filtrated powder has a pink color ([Fig. 1](#fig1){ref-type="fig"}c, labeled as FR) which favors the formation of manganese oxalate at room temperature and labeled as FR and turned to black after calcination at 450 °C and labeled as F450 (formation of manganese oxides as shown in [Fig. 1](#fig1){ref-type="fig"}d). On the contrary, in evaporation technique the calcined evaporated precursor at 450 °C which labeled as E450 has mixed colors of black (manganese oxide) and a light (lithium salt) as shown in [Fig. (2](#fig2){ref-type="fig"}a). Further calcination to 750 °C (E750) and 900 °C (E900) will lead to formation of spinel of black color ([Figs.2b and 2](#fig2){ref-type="fig"}c). As we above mentioned evaporation technique supports our intent to trap the lithium salt with the manganese salt in a homogenous mixture to obtain the pure spinel after further calcination at ca. 750 °C and/or 900 °C. This means just one step was used to obtain spinel instead of two steps in the traditional co precipitation method. In this traditional method manganese was precipitated first as hydroxide or oxalate then the precipitate was mixed with lithium salt by solid mixing which suffers from good homogeneity.Fig. 1Visual observation for the filtrate at a) room temperature and b) 450 °C and for the precipitate at c) room temperature and d) 450 °C produced from the filtration technique.Fig. 1Fig. 2Visual observation for the yields produced from evaporation technique and calcined at a) 450 °C, b) 750 °C and c) 900 °C.Fig. 2

2.2. Characterization {#sec2.2}
---------------------

The structure of the samples was analyzed by X-ray diffractometer (XRD) using a philipsXʼPert apparatus equipped with a CuKα X-ray source (λ = 1.54056Ǻ). Data were collected in the 2θ range of 10--80^°^. TGA measurements were carried out using a thermal gravimetric analyzer (Perkin Elmer, TGA7 series) in the temperature range of 30-1000 °C in air at a heating rate of 10 °C/min. The surface morphology of the fabricated samples was visualized using a field emission scanning electron microscopy, (Quanta, FEG 250). The microstructure and morphology of the materials were observed with JEM-2100 (JEOL-ELECTRON MICROSCOPE). BET surface area and pore size distribution of synthesized samples were determined from N~2~-adsorption experiments using (Belsorp max version 2.3.2).

Cathode materials for electrochemical testing were prepared by casting a slurry with a composition of 80 wt% LiMn~2~O~4~ active material, 10 wt% carbon black Super P or C65 (TIMCAL), and 10 wt% PVdF onto Al foil. Sheets of 12 mm circular pieces of positive electrode materials were used as working electrodes with mass loading area in the range 1.2--1.3 mg/cm^2^. These cathode electrodes were assembled inside coin cells 2016-type with lithium metal foil as counter electrode and 1 M LiPF~6~ in 1:1 ethylene carbonate: dimethyl carbonate (EC:DMC) as electrolyte. 0.1C was used as C-rate for cycling testing and 0.2 mV/S as scan rate for cyclic voltammetry testing. The cells were galvanostatically charged and discharged on Maccor series 4000 battery testers (USA) between 4.5 V and 3.5 V at 20 °C under different rates. The potentials reported in this work refer to the Li^+^/Li couple.

3. Results and discussion {#sec3}
=========================

[Fig. 3](#fig3){ref-type="fig"} shows the XRD pattern of LiMn~2~O~4~ synthesized by one step method using the evaporation technique and calcined at different temperatures. In [Fig. 3](#fig3){ref-type="fig"}(a) the pattern contains multiple phases of manganese oxides and lithium salt, which can later constitute the spinel LiMn~2~O~4~ at high temperature. By indexing the peaks, it is observed that these phases are LiMn~2~O~4~, MnO~2~, Mn~2~O~3~ and Li~2~CO~3~. With rising the calcination temperature to 750 °C pure spinel LiMn~2~O~4~ is completely formed. Further rising to 900 °C confirms the formation of well crystalline pure spinel LiMn~2~O~4~ without appearing of any impurities as shown in [Fig. 3](#fig3){ref-type="fig"}(b, c). The complete formation of pure spinel LiMn~2~O~4~ at rather low temperature of 750 °C confirms that this method is feasible and effective due to the absence of impurities. This also means that calcination at 750 °C for 5 h looks a sufficient temperature with an appropriate time to burn off all the organic materials used in the preparation in ambient atmosphere to form LiMn~2~O~4~ via one step method. Increasing annealing temperature 750 and 900 °C, the peaks are gradually sharpen which indicates an increase of crystallinity and the precursor are completely transformed into pure phase LiMn~2~O~4~ spinel powders without any development of minor phase. All the diffraction peaks could be indexed the cubic spinel structure with *Fd*3*m* space group (JCPDS No. 88-1749 card) [@bib21]. As the calcinations temperature was getting higher, the main diffraction peaks of cubic spinel phase, such as (111), (311), and (400), were well developed. This means that lithium ions occupied tetrahedral 8*a* sites (Wyckoff notation) and manganese occupied octahedral 16*d* sites, while oxygen atoms are located at 32*e* sites [@bib22]. The lattice parameters of LiMn~2~O~4~ calcined at 750 °C and 900 °C were calculated through the least square method using 10 well defined diffraction lines with indexation in the cubic spinel structure and the results are listed in [Table 1](#tbl1){ref-type="table"}. The slight increasing in lattice parameter *a* upon rising the temperature is matched well with our previous work [@bib22] and with result reported by Lee et al., [@bib23]. To describe the variation of the crystallity size and quantify the local lattice strain of the two samples, Scherer\'s formula and the full width at maximum (FWHM) for different peaks especially (400) peak (because this peak is sensitive to calcinations temperature) are used, the data are summarized in [Table 1](#tbl1){ref-type="table"}. The domain size shows an increasing trend up to 900 °C, this indicates that the local field strain was decreased as a result of lattice ordering.Fig. 3\[3a\]. XRD patterns of sample (E) calcined at different temperatures (a) E450, (b) E750 (c) E900, and \[3b\] Analysis of the full width at half-maximum B of the Bragg reflections.Fig. 3Table 1XRD data for LiMn~2~O~4~ synthesized by one step co-precipitation method using the evaporation technique and calcined at 750 °C and 900 °C.Table 1E LiMn~2~O~4~E 750 °CE 900 °Clattice parameters (Å)8.226 (1)8.231 (6)unit cell volume (Å^3^)556.23558.99crystallite size (nm)55.778.1Strain \*10^−4^8.96.8FWHM (311)0.2430.168FWHM (400)0.2530.186I~311~/I~400~0.9720.950

The FWHM values of the (311) and (400) diffraction lines of LiMn~2~O~4~ samples decrease with the increase of calcinations temperature ([Table 1](#tbl1){ref-type="table"}). This indicates that the spinel LiMn~2~O~4~ sample calcined at 900 °C might have higher crystallinity, better ordering of local structure, and lower lattice strain. Moreover, several authors reported that the ratio value of the I~(311)~/I~(400)~ peaks reflects the structural stability of the spinel structure by identifying the structural difference between lithium and manganese ions, i.e., some lithium and manganese ions are exchanged its location in spinel framework \[[@bib24], [@bib25], [@bib26]\]. So that, the structural difference between the two samples may result from the different in calcinations temperature. Therefore, E900 synthesized at 900 °C has smaller I~(311)~/I~(400)~ ratio value than that of E750 synthesized at 750 °C, indicating that the confusion degree in E900 sample is smaller than that of E750 sample.

[Fig. 4](#fig4){ref-type="fig"} represents the XRD pattern of the precipitation (FR) produced from the filtration technique, which is characterized to be manganese oxalate hydrate. All the diffraction peaks at (2θ = 18.43^°^, 18.8^°^, 22.63^°^, 24.47^°^, 29.78^°^, 33.34^°^, 33.7^°^, 39.26^°^, 42.02^°^, 44.34^°^, 47.38^°^, 49.34^°^) are indexed according to the monoclinic structure with *C2/c* space group [@bib27] (JCPDS No. 25-0544 card). Then it has been calcined at different temperatures 450 °C, 750 °C and 900 °C respectively, and the XRD patterns are showed in [Fig. 5](#fig5){ref-type="fig"}. F450 is characterized as mixed phases of MnO~2~ and Mn~2~O~3~. Rising the calcination temperature to 750 °C, the sample F750 shows the peaks at 23.15^°^, 32.8^°^, 38.2^°^, 45.1^°^, 49.22 ^°^, 55.25^°^, 65.81^°^. These peaks indexed very well to the phase of pure orthorhombic Mn~2~O~3~ with the corresponding miller indices ((211), (222), (400), (332), (431), (440), (622), respectively as in the (JCPDS Card data No. 24-0508) and are characteristic to Mn~2~O~3~ phase as reported by [@bib28]. By further calcination at 900 °C, Mn~2~O~3~ was converted to pure tetragonal spinel Mn~3~O~4~ phase. Mn~3~O~4~ has the characteristic peaks located at (2θ = 18.7^°^, 28.9^°^, 32.344^°^, 36.14^°^, 38.03^°^, 44.41^°^, 50.75^°^, 58.51^°^, 59.9^°^, 64.7^°^) and matched with the miller indices (101), (112), (103), (211), (004), (220), (105), (321), (224), (400) as in (JCPDS: 24-0734) and as reported in literatures \[[@bib29], [@bib30]\].Fig. 4XRD patterns of sample (F) at room temperature (FR).Fig. 4Fig. 5XRD patterns of sample (F) calcined at different temperatures (a) F450 (MnO~2~ and Mn~2~O~3~)**,** (b) F750 (Mn~2~O~3~) (c) F900 (Mn~3~O~4~).Fig. 5

[Fig. 6](#fig6){ref-type="fig"} represents the XRD patterns of the filtrate precursor produced from the filtration technique at room temperature (LiR) and then calcined at 450 °C (Li450). Room temperature precursor is indexed as major phase of lithium hydrogen oxalate hydrate. With increasing temperature to 450 °C it converts to pure monoclinic Li~2~CO~3~. This pure phase matched very well with (JCPDS 87-0729) and with that reported by Yuan et al [@bib31].Fig. 6XRD pattern of (a) LiR,(b) Li450.Fig. 6

In conclusion filtration technique yields phases of manganese oxides produced from the precipitate and lithium salts produced from the soluble filtrate. On the contrary the evaporation technique succeeded to trap soluble lithium reagent beside manganese reagent to yield the required LiMn~2~O~4~. This summation of the precipitate and the filtrate can be observed clearly from phases exist in the XRD pattern of sample E450 (MnO~2~, Mn~2~O~3~ and Li~2~CO~3~). So we can say that the evaporation technique is one pot, one step and facile method to obtain pure spinel LiMn~2~O~4~. Instead of using less homogenous solid mixing of lithium salt with manganese salt to obtain pure spinel we succeeded to bring them together by this technique and increase the degree of homogeneity and hence get nanosize spinel LiMn~2~O~4~.

The thermal analysis is necessary to define the optimum heat-treated temperature required to determine the thermal behavior of the prepared samples. Thermal behavior of the precipitate precursor resulted from filtration technique and proved to be manganese oxalate hydrate by XRD ([Fig. 4](#fig4){ref-type="fig"}) is shown in [Fig. 7](#fig7){ref-type="fig"}. Pronounced weight loss observed at around 100 °C is ascribed to the dehydration of the precursor (hydrated manganese oxalate) and also to the evaporation of the free water adsorbed on the surface from the ambient atmosphere. Second remarkable weight loss recognized between100-140 °C is attributed to the loss of ≈14% related to water of crystallization or structure water accompanied by only one endothermic peak at 119.5 °C. Stable region is observed from 140 to about 265 °C which may represent formation of complete dehydrated manganese oxalate. Sudden and sharp weight loss of about 37% in the range from 250-350 °C is mainly attributed to the decomposition and evaporation of the organic constituents or oxalate of the precipitate accompanied by one exothermic peak at 304 °C. This thermal behavior is well agreed with the decomposition of the oxalate precursor reported before [@bib27]. After this decomposition mixed phases from (MnO~2~ and Mn~2~O~3~) was formed in the stable region from 340 to 440 °C and this is already observed from XRD mentioned above for sample F450 °C in [Fig. 5](#fig5){ref-type="fig"}a. The mixture started to decompose and reduce to pure Mn~2~O~3~ at about 470 °C. This oxygen loss of MnO~2~ and formation of pure Mn~2~O~3~ agreed well with that reported in \[[@bib32], [@bib33]\] according to the following equation:Fig. 7TG/DTA of non - calcined precipitate of sample (F), from room temperature to 1000 °C using heating rate of 10 °C/min in air.Fig. 7

Mn~2~O~3~ still stable to nearly 885 °C and this stability was already confirmed from the XRD carried out for calcined sample at 750 °C (F750) displayed in [Fig. 5](#fig5){ref-type="fig"}b. Further reduction through loss of oxygen and formation of lower manganese oxide Mn~3~O~4~ was observed after 885 °C. This is also confirmed above in XRD [Fig. 5](#fig5){ref-type="fig"}c of sample F900 which calcined at 900 °C. Mn~3~O~4~ phase was observed clearly in this figure which confirms our interpretation and also supported by results from references \[[@bib34], [@bib35]\].

[Fig. 8](#fig8){ref-type="fig"} shows the thermal behavior of the precursor resulted from evaporation technique. The behavior looks similar to that reported for filtration technique in [Fig. 7](#fig7){ref-type="fig"}. Larger total weight loss of 23.2% observed in the region between 82-180 °C than that reported for sample (F) mentioned in [Fig. 7](#fig7){ref-type="fig"} is attributed to loss of both water of hydration and water of constitution from mixed lithium hydrogen oxalate hydrate and hydrated manganese oxalate. This loss in water is confirmed from two successive endothermic peaks at 125.7 °C and 150.3 °C. The stable region between 180-270 °C may represent the formation of mixture of dehydrated manganese oxalate and lithium oxalate. Large weight loss of 30.8% observed in the region between 274-330 °C is due to decomposition of the organic constitute (oxalate) accompanied by sharp exothermic peak at 307 °C due to phase transition to mixture of some kinds of lithium and manganese oxides. After 330 °C there is an intermediate stage until formation of LiMn~2~O~4~ from association of MnO~2~, Mn~2~O~3~ and Li~2~CO~3~ at 450 °C as illustrated above in XRD of sample E450. The transformation from lithium oxalate to lithium carbonate was confirmed before [@bib36] to occur in the range of 400--500 °C. After this temperature combination between these three phases takes place to start to form pure spinel LiMn~2~O~4~ by the synergistic effect of the three components which still stable to more than 950 °C.Fig. 8TG/DTA of dried precipitate precursor of sample (E) from room temperature to 1000 °C using heating rate of 10 °C/min in air.Fig. 8

In [Fig. 9](#fig9){ref-type="fig"} no distinct weight loss in the TGA curve of sample (E900) is observed which indicates that LiMn~2~O~4~ prepared by the one-step method using the evaporation technique has a stable structure and the small weight loss ≈5% that occurs above 900 °C may attribute to the volatilization and liberation of lithium at such high temperature.Fig. 9TGA of spinel LiMn~2~O~4~ (sample E900) from room temperature to 1000 °C using heating rate of 10 °C/min in air.Fig. 9

It is known that the particle size and surface morphology can affect the electrochemical properties of the active electrode materials. [Fig. 10](#fig10){ref-type="fig"} reveals the Field Emission Scanning Electron Microscope (FESEM) of LiMn~2~O~4~ samples calcined at different temperatures. It can be seen that the calcination temperature played an important role on the crystallinity of the material. The particle size increases with increasing sintering temperature. The average particle size of the samples calcined at 750 and 900 °C were found to be 100--200 and 200--500 nm, respectively. The samples calcined at 900 °C exhibits a more uniform particle size distribution and better crystallinity than the sample sintered at 750 °C. In addition, the images clearly visualizes the truncated surfaces at the vertices and edges of the parental octahedral structure, and the orientation of each surface was assigned following the established face orientation of the octahedral face-center cubic (fcc) framework, that is, {111}, as well as those of its truncated derivatives \[[@bib37], [@bib38], [@bib39], [@bib40]\].Fig. 10FESEM of a,b) E750, (c,d) E900.Fig. 10

The transmission electron microscopy (TEM) and selected area electron diffraction (SAED) are further utilized to give more detailed morphology and surface features of LiMn~2~O~4~. A typical TEM image of the selected random particle in LiMn~2~O~4~ samples as shown in [Fig.11](#fig11){ref-type="fig"}a and c, demonstrates that they have a truncated Oh crystal structure and their average particle size are 75--100 and 200--300nm for E750 and E900, respectively. To confirm the crystal structure of the prepared samples, HRTEM images and the corresponding selected area electron diffraction (SAED) patterns are shown in [Fig. 11](#fig11){ref-type="fig"}b,d for E750 and E900 respectively. In both samples, the apparent lattice fringes with interplanar distance of 0.463 and 0.476 nm for E750 and E900, respectively are clearly observed. These fringes are well assigned to the planar distance between (111) crystal faces of spinel LiMn~2~O~4~, indicating that the exposed planes are {111} facets. The electrode stability of LiMn~2~O~4~ depends on the reaction rate of SEI formation and the stability of the reconstructed surface structure, and {111} facets are more favorable in formation of allowable SEI on the surface of LiMn~2~O~4~ which facilitates Li^+^ ions insertion/desertion. Therefore, we expected that the LiMn~2~O~4~ cathodes with exposed {111} facets could be used to provide better stability of the LiMn~2~O~4~ cathode against structural and volume change [@bib41]. Moreover, the corresponding SAED patterns (inset of [Fig. 11](#fig11){ref-type="fig"}b and [Fig. 11](#fig11){ref-type="fig"}d) showed that a well-defined spots in two cathodes, while E900 have a well-defined spots rather than E750, implying that not only the two cathodes are in a single crystal structure but also the E900 cathode contain fewer defects and show higher structural stability than E750.Fig. 11TEM, HRTEM and SAED images for E750 (a, b), TEM, HRTEM and SAED images for E900 (c,d).Fig. 11

[Fig. 12](#fig12){ref-type="fig"} displays the nitrogen adsorption--desorption isotherms and pore-size distributions (PSD) of E750 and E900 samples. According to IUPAC-classification, the isotherm curves and the hysteresis loop of LiMn~2~O~4~ calcined at both 750 °C and 900 °C belong to type IV with H3- hysteresis loop which implying the presence of porous structure \[[@bib42], [@bib43], [@bib44]\]. Therefore, it can be concluded that the heat-treatment processes do not lead to a collapse of the mesostructure, which is also evidenced by the well-devolved TEM images. According to the pore size distribution of LiMn~2~O~4~ calcined at 750 °C and 900 °C, both two samples have microporous particles as estimated from PSD peaks centered at \< 2 nm for both samples. These micropores act as channels for Li^+^ ion diffusion as well as electrolyte penetration. Brunauer-Emmett-Teller (BET) specific surface area for LiMn~2~O~4~ calcined at 750 °C is 7.722 m^2^g^-1^ which is larger by ten order of magnitude than that of E900 (0.68939 m^2^g^-1)^. So increasing calcination temperature to 900 °C increases the particle size as shown in TEM section and hence decreases the entire surface area as reported [@bib45].Fig. 12Nitrogen adsorption/desorption isotherms for (a) E750, (b) E900. The insets are pore size distributions of the samples.Fig. 12

3.1. Electrochemical performance of LiMn~2~O~4~ {#sec3.1}
-----------------------------------------------

As we mentioned above beside LiMn~2~O~4~ other two oxides of manganese oxides (Mn~2~O~3~ and Mn~3~O~4~) were obtained. These lower oxides have application also as anode active materials in lithium ion batteries as reported previously \[[@bib46], [@bib47]\]. The successful synthesis of pure LiMn~2~O~4~ in this study motivated us to investigate its electrochemical properties as cathode material in lithium ion batteries.

[Fig. 13](#fig13){ref-type="fig"} represents the cyclic voltammograms behavior of spinel LiMn~2~O~4~ calcined at 900 °C (E900). There is no peak at 4.5 V which confirm that Mn is not present in the 8a tetrahedral sites (i.e; there is no cation mixing) [@bib48]. Here in the figure we can observe two well-defined redox peaks, located at around 4.07/3.94V and 4.2/4.07V. These peaks indicate the reversible intercalation and de-intercalation processes of lithium-ions into this spinel structure. This means that lithium ions are extracted and inserted into the spinel phase by a two-step process corresponding to LiMn~2~O~4~/Li~0.5~Mn~2~O~4~ and Li~0.5~Mn~2~O~4~/λ-MnO~2~ during charging and vice versa during discharging [@bib49]. It can be seen from the CV curves that the peaks become sharper and the splitting of the peaks becomes more well-defined (no overlapping) with decreasing in the potential difference upon cycling. This indicates the increase in the crystallinity of particles and hence the improvement of the reversibility due to the fast Li^+^ ion transport.Fig. 13Cyclic Voltammogram of LiMn~2~O~4~ (E900)cycled between 3.5 and 4.5 V (vs. Li^+^/Li) at a scan rate of 0.02 mVs^-1^.Fig. 13

Different C-rates were applied to test charge - discharge performance of LiMn~2~O~4~ with 3--4.5V potential range as shown in [Fig. 14](#fig14){ref-type="fig"}. From this figure we can notice that all charge-discharge profiles exhibit two obvious charge plateaus at 4.01 and 4.13 V and two obvious discharge plateaus at 4.099 V and 3.97. Theses redox plateaus agreed well with the redox peaks in CV analysis mentioned above and indicate good reversibility of spinel sample. By increasing the current to 5C, only a slope profile can be seen. this can be explained by rather increase in cell polarization at high current density.Fig. 14Typical Galvanostatic charge--discharge curves for the LiMn~2~O~4~ sample (E900) at different C- rates within potential range 3--4.5V vs. Li/Li^+^.Fig. 14

This sample of spinel LiMn~2~O~4~ delivers an initial charge and discharge capacities of 129, 115 mAhg^−1^ with a two-step potential profile. The coulombic efficiency is about 89.15% for the first cycle using 0.1C rate in the potential range of 3--4.5V. The efficiency increases with successive cycling and reached 100%. It is worth noting that the charge and discharge capacities decrease with increasing the current density. The main reason for the gradual decrease in discharge capacity upon cycling in low or at different current densities is attributed to the structural change of spinel LiMn~2~O~4~ due to Jahn-Teller effect as (2Mn^3+^ Mn^2+^ + Mn^4+^) and the loss of active material with dissolution of Mn^2+^ into electrolyte \[[@bib50], [@bib51]\].

[Fig. 15](#fig15){ref-type="fig"} Shows (charge/discharge) capacities vs. cycle number of LiMn~2~O~4~ at different current densities. The discharge capacities of LiMn~2~O~4~ at 0.1C, 0.5C, 1C, 2C, 5C and 10C are 115.2 mAh/g, 93 mAh/g, 82.6 mAh/g, 74.2 mAh/g, 62.8 mAh/g and 53.45 mAh/g, respectively. The cycling at the following C-rates 0.5C, 1C, 2C, 5C and 10C retained 80.73 %, 71.7%, 64.4%, 54.5%, 46.4%), respectively from the 1^st^ discharge capacity mentioned for 0.1C. The decrease in the discharge capacity and capacity retention at high current rates is normal by the effect of cell polarization as discussed in the galvanostatic charge-discharge figure. When the current rate reverse back to 0.1C, the discharge capacity of LiMn~2~O~4~ is able to return about 104.8 mAh/g, capacity retention 90.97% of the initial capacity, indicating the reversibility of LiMn~2~O~4~. This rather good rate capability is may attribute to the stability of the stoichiometry and composition of structure of LiMn~2~O~4~ that improve the transfer of Li^+^ ions.Fig. 15Rate performance of the as prepared spinel LiMn~2~O~4~ at different current densities in the potential range 3--3.5V vs, Li/Li^+^.Fig. 15

[Fig. 16](#fig16){ref-type="fig"} a and b show the cycling properties of LiMn~2~O~4~ at 0.1C within potential window 3--4.5V vs. Li/Li^+^. The characteristic charge - discharge plateaus like mentioned above of spinel LiMn~2~O~4~ appear clearly. After 50^th^ cycle the sample retained 76.4% discharge capacity from the 1^st^ discharge capacity. It is well observed also that the columbic efficiency increased rapidly after two cycles and reached more than 99%.Fig. 16a) charge/discharge cycles and b) capacity vs. cycle number with efficiency of LiMn~2~O~4~ at 0.1C within potential window 3--4.5V vs. Li/Li^+^.Fig. 16

The increase in columbic efficiency of LiMn~2~O~4~ with cycling could be due to reversible structural change during the lithium insertion/extraction processes as an indication of good rechargeability and reversibility. The other reason could be the formation of stable electrode/electrolyte interface resulted from the higher oxidation state of the Mn ions (Mn^4+^) which can provide rapid Li ions transportation [@bib52]. The 100% coulombic efficiency and stability of charge/discharge capacities at high current rates indicate the stability of the structure and composition of the spinel LiMn~2~O~4~ with the intercalation/deintercalation of lithium.

4. Conclusion {#sec4}
=============

The results reported in this study show that the strategy followed to prepare spinel LiMn~2~O~4~ material with high phase purity and crystallinity without any sophisticated equipment is a promising method. Other pure manganese suboxides e.g. Mn~2~O~3~ and Mn~3~O~4~ were obtained also in this study. Good morphological properties of as prepared LiMn~2~O~4~ improved its electrochemical properties as it significantly promotes fast insertion/extraction kinetics of lithium ions and facilitate charge transfer across the electrode/electrolyte interface reducing lithium ion diffusion length. This spinel delivered an initial discharge capacity of 115.2 mAh/g at 0.1C and a reversible discharge capacity of 104.8 mAh/g at the same rate with capacity retention of 90.97% after applying various C-rates. The charge and discharge capacities upon cycling and at high current rates are stable and reached to 100% coulombic efficiency. In summary, taking the facile synthesis method and the good microporous structure that lead to good electrochemical behavior into consideration, this porous LiMn~2~O~4~ material could be an attractive candidate for high energy/power lithium-ion batteries in future.
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